Adding chloramphenicol to cultures of Schizosaccharomyces pombe, growing exponentially on glycerol as carbon source, resulted in a heterogeneous population of abnormally large cells. After removal of the inhibitor and resuspension in fresh medium, the cells increased in size and the cell volumes became more normally distributed. Cells then underwent two synchronous divisions separated by 5 h; this is significantly shorter than the doubling times for culture extinction and total cell volume which are both about 7 h. There was an overall decrease in mean cell volume. The chloramphenicol-induced cell cycle was shorter than the first complete cell cycle in synchronous cultures prepared by size-selection.
INTRODUCTION
When exponentially growing cultures of the fission yeast Schizosaccharomyces pombe are treated for 3 to 4 h with '2 m~-2'-deoxyadenosine, DNA synthesis and cell division are temporarily inhibited, but the synthesis of RNA and the accumulation of dry mass are virtually unaffected (Mitchison & Creanor, 1971) . The abnormally large cells that accumulate subsequently complete two synchronous divisions in only 60% of the normal cycle time. This can be explained, teleologically, as an attempt to restore the volumes of cells growing in exponential culture. Shortened cell cycles such as these are frequently encountered when abnormally large cells result from inhibition of division by heat shocks (Zeuthen, 1964) , ultraviolet irradiation (Sachsenmaier et al., 1970 ) and a variety of chemotherapeutic agents (Ross, 1976) . Addition of chloramphenicol, an inhibitor of mitochondrial protein synthesis (Lloyd, 1974) , to an exponential culture of S. pombe growing with glycerol (a non-fermentable carbon source) allows almost a doubling in cell numbers in the following 24 h. Cell volume, however, continues to increase after cessation of division, resulting in a population of cells whose mean cell volume is about 1.5-fold greater than that before addition of chloramphenicol (Poole, 1977 a) . This paper describes the synchronous division of these cells induced by removal of the inhibitor.
M E T H O D S
Organism and growth conditions. Schizosaccharomyces pombe strain 972 h-was maintained and grown on defined medium containing I % (w/v) glycerol as carbon source (Poole & Lloyd, 1974 Fig. I . Changes in S. pombe following resuspension in fresh medium of (a) cells 2 0 h after adding chloramphenicol (2 mg ml-l) to a culture containing 1-52 x 10' cells ml-l, and (b) cells that had entered stationary phase after 60 h growth. In both experiments the defined medium contained I yo (w/v) glycerol as carbon source. Cell numbers (0) and mean cell volumes ( 0 ) were determined using a Coulter counter Z B~ and Channelyzer Crooo at the following settings: r/amplification, I ; Ilaperture current, I ; edit switch, on; count range, 1000. Window width and base channel threshold were varied and were appropriate for the distribution. Total cell volume (U) is [no. of cells ml-l]
x [mean cell volume (pm8)]. Cell plate index (m) was measured microscopically on formaldehydefked cells. ml-I. Chloramphenicol was added as a powder (final concentration 2 mg ml-l) to exponentially growing cultures; treated cultures were incubated for a further 20 to 24 h. The inhibitor was removed by centrifuging the culture to 5600g (rav.) followed by immediate deceleration at ambient temperature, and then washing twice with prewarmed fresh medium (lacking chloramphenicol) under the same conditions. Cells were finally resuspended in 200 ml fresh medium lacking chloramphenicol.
CeN numbers and volumes. Culture samples were treated ultrasonically for 10 s (8 pm peak to peak) using a titanium probe (end diam. 3.2 mm) of an MSE IOO W Ultrasonic Disintegrator to break up cell clumps that form during growth on glycerol, and then diluted into electrolyte prior to analysis using a Coulter counter model ZBI (Poole, 19773) . The probe of the counter had an aperture diameter of 50 pm. Statistical analysis of cell volume distributions and the plotting of normalized distributions on microldm (Bazin, Richards & Saunders, 1977) was done by a CDC 6600 computer.
Cellplate index. This is the percentage of cells showing cell plates (Mitchison, 1970) . It was determined by examination of culture samples, which had been fixed with formaldehyde (final concn z%, w/v), using a Nikon phase contrast microscope (total magnification 1500). Between 400 and 700 randomly selected cells were scored in each sample.
Chemicals. D( -)-threo-Chloramphenicol was purchased as Chloromycetin from Parke-Davis.
RESULTS A N D D I S C U S S I O N
Figure I (a) shows some effects of chloramphenicol treatment of S. pornbe. Cell numbers remained almost constant for about 4 h after resuspension in fresh medium. During this time the cell plate index, which had fallen to < I % during the treatment with chloramphenicol, rose sharply to a peak value of 12% at 4-5 h. This peak slightly preceded an
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Cell volume @m3) increase in cell numbers and a sharp drop in mean cell volume. Mean cell volume continued to decrease during the rest of the experiment, decreasing more rapidly after the second lower peak in the cell plate index at 9-5 h than in the 3 h prior to this peak. The interval between the two peaks in the cell plate index (5 h) is similar to the doubling time for cell numbers (5-5 h) indicating a partially synchronous cell cycle of this length.
The peak values for the cell plate index are considerably lower than those reported for glucose-grown cultures synchronized by induction (Mitchison & Creanor, I 971) or sizeselection (for example, Mitchison, 1970) . This reflects firstly a lower degree of synchrony after chloramphenicol treatment, and secondly, the fact that the index determined using our technique in exponential cultures containing glycerol is lower (about 5 to 7%) than that obtained in glucose-containing exponential cultures (about 10 % ; Mitchison, 1970 ). This cycle is significantly shorter than the first complete cell cycle (7.08 h, S.D. 0.63, 6 experiments) observed in synchronous cultures prepared by selection of the smallest cells from an exponential culture using glycerol density gradients (Poole, 1977a ; R. K. Poole, unpublished results). The total volume of cells in the culture (Fig. ra) and extinction at 600 nm (measured in a separate experiment, not shown here) increased less rapidly than cell numbers (doubling time about 7 h in the period 6 tQ 16 h), reflecting the progressive decrease in mean cell volume.
Further evidence for the existence of two synchronous divisions after removal of chloramphenicol came from the changing form of distributions of cell volumes (Fig. 2) . Volume distributions were normalized with respect to the area enclosed by the curve to allow comparison of the frequencies of different volume classes. Chloramphenicol was added at an earlier stage of growth in the experiment illustrated in Fig. 2(a) compared with that in Fig. I (a) ; thus, since cell volume decreases during growth in batch culture on media containing either glucose (Johnson, 1967; Johnson & Rupert, 1967) or glycerol (R. K. Poole, unpublished results), the cell volumes are smaller in Fig. I (a) . Cells incubated for up to 24 h with chloramphenicol showed heterogeneous volume distributions (Fig. 2 a ; zero time) . In thisexperiment, cell numbers did not increase during the first 6 h of incubation in chloramphenicol-free medium. During this period, the modal cell volume increased from 70 ,urn3 to about 90 ,urn3 and the relative positive skewness of the distribution decreased from 0.65 to 0.33 (Croxton & Cowden, 1939) . After 7 to 7-5 h, a new population of cells, modal volume about 45 ,urn3, was distinguishable. The frequency of this population, relative to that of the population of larger cells, gradually increased. At 10.5 to 1 1 h, the volume distributions showed the presence of a further population, modal volume 22 to 23 ,urn3, indicating a second synchronous division. This pattern of events was confirmed in another similar experiment.
It could be argued that the synchronous divisions described above were induced, not by the removal of chloramphenicol, but by the transfer to fresh medium of cells that had stopped growing or by the centrifugation and washing procedures. A stationary-phase culture was harvested, washed and resuspended in fresh medium (Fig. ~b ) to give a cell population similar to that in Fig. I (a) . After a short lag, cell numbers increased gradually.
Mean cell volume fluctuated by about 15 % in the first 6 h after resuspension and then remained relatively constant. The curve for total cell volume closely followed that of cell numbers. Volume distributions throughout this experiment remained positively skewed and unimodal (Fig. 2b) confirming the absence of synchronous cell divisions.
Under certain conditions cells failed to recover on transfer to chloramphenicol-free medium. When medium containing chloramphenicol (2 mg ml-l) was inoculated with a stationary-phase starter culture to give an initial cell population of I x 106 organisms ml-l, and then incubated for 72 h, cell numbers increased fourfold but the resulting large cells failed to recover on transfer to fresh medium lacking chloramphenicol. However, when this procedure was applied to cells growing in complex medium that contained yeast extract, peptone, phosphate and glycerol, cells recovered, dividing synchronously 5 to 8 h after resuspension in fresh medium. Furthermore, in defined medium, using the procedure described in Methods, recovery and synchronous division was reproducible only when the cell population at the time of adding chloramphenicol exceeded about I x 106 organisms ml-l. The factors involved in the varying ability of cells to recover from chloramphenicol treatment have not been investigated further. Resumption of growth occurs after removal of chloramphenicol from cultures of Tetrahymena pyriformis (Turner & Lloyd, 1971 ; Gleason et al., 1975) but the details of this recovery have not been reported.
The abnormal volumes of cells grown with chloramphenicol result from continued increase in cell volume in the absence of cell division (Poole, 1977~2) . This may be due to the direct requirement for a product of mitochondria1 protein synthesis for division. Alternatively, chloramphenicol may inbibit DNA synthesis (Shah, I 975), thus indirectly inhibiting division since these two processes may be closely linked in a 'DNA-division' cycle (Mitchison, 1973) . The shift in volume distribution preceding the first synchronous division in chloramphenicol-free medium is of particular interest. All cells increase in volume equally after addition of chloramphenicol, but only those cells prior to the early transition point in the cell cycle are incapable of division (Poole, 1977a) , leading to two populations of cells. The results in Fig. 2(a) are consistent with the hypothesis that on removal of chloramphenicol the smaller cells (modal cell volume 70,um3) increase in volume to attain the modal volume (90,um3) of the second population. This results in a population that is almost normally distributed (skewness close to zero) and divides synchronously.
